Abstract A new technique for prospectively correcting head motion (called PROMO) during acquisition of highresolution MRI scans has been developed to reduce motion artifacts. To evaluate the efficacy of PROMO, four T1-weighted image volumes (two with PROMO enabled, two uncorrected) were acquired for each of nine children. A radiologist, blind to whether PROMO was used, rated image quality and artifacts on all sagittal slices of every volume. These ratings were significantly better in scans collected with PROMO relative to those collected without PROMO (Mann-Whitney U test, P<0.0001). The use of PROMO, especially in motion-prone patients, should improve the accuracy of measurements made for clinical care and research, and potentially reduce the need for sedation in children.
Introduction
Artifacts due to patient motion can be a significant impediment to acquiring clinically relevant MRI data. While all subject populations are susceptible to such artifacts, these problems are especially severe with young children, who frequently have difficulty remaining still during the time required to collect high-resolution data. Oftentimes, children must be sedated to obtain clinically useful data, a practice that is undesirable and adds a potential risk factor to the patient [1, 2] . Although methods to limit the severity of motion artifacts in MRI exist, they frequently have significant limitations attached, such as the inability to account for through-plane motion, additional required equipment or markedly increased scan time. In this paper, we present a new method of prospective motion correction, known as PROMO, that greatly reduces motion artifacts and significantly improves the clinical utility of structural MRI scans. PROMO provides the ability to account for both in-plane and through-plane motion and does so with only a minimal increase in scan time (depending on the degree of subject motion). To demonstrate the efficacy of PROMO, a small cohort of children (ages 9-12) was scanned with PROMO enabled or disabled. The resulting scans show a noticeable improvement in diagnostic image quality as rated by a neuroradiologist.
Description
A total of nine children (three girls; mean age: 10.8 years; standard deviation: 0.6 years; age range: 9.9 to 11.6 years) were recruited for this study, which was conducted with approval of the Institutional Review Board and in accordance with the rules and regulations of HIPAA.
A total of four T1-weighted scans were acquired for each subject, using a previously described sequence [3, 4] . All scans were performed on a 1.5-T Signa HDx Twin Speed system (GE Healthcare Technologies, Milwaukee, WI) with an 8-channel phased-array head coil. PROMO enabled and disabled scans were collected in an alternating pattern, and the acquisition order was counterbalanced across subjects. Children were instructed to remain as still as possible throughout the examination. Real-time motion tracking and correction with the navigator sequence was performed using the extended Kalman filter (EKF) algorithm [5] applied to MRI as reported by White and colleagues [6, 7] and as described previously for prospective motion correction in spiral-navigated 3-D pulse sequences [3, 8] . Five sets of three orthogonal low flip angle, single-shot spiral navigator scans (S-Navs) were interspersed within the dead time of the four 3-D IR-SPGR T1 scans acquired on each subject. These S-Navs were inserted in order to measure and adjust for head movement while scanning with PROMO enabled [7] . Online navigator-derived motion measures were used to adjust the image coordinate system with respect to brain position and to automatically rescan images that were acquired during intervals with particularly high motion, as determined by the position difference between the two navigator scans that bracket each acquisition partition.
Motion estimates for the PROMO-enabled volumes were computed from navigator scans, tracking position as a sixelement vector. As an index of each individual's magnitude of head motion, the L2 norm of the motion measures was computed across both PROMO-on scans for each child for both translation and rotation. This L2 norm is a normalized measure of the magnitude of variability in motion (in this case, the square root of the sum of squares of the range of motion) and has the advantage of being independent of relative position in the x, y, z coordinate space. Motion estimates were not calculated for the two PROMO-off scans since tracking and correction were disabled. Neuroradiological rating system A numerical ratings system was developed by a clinical radiologist to reflect the degree of motion corruption and its effect on the clinical utility of the image. This rating system ranged from 0 to 4. A rating of zero indicates that a slice is free of motion. A rating of 1 would be characterized by curvilinear motion artifacts that are barely perceptible and occupy <50% of the surface area of the brain in the sagittal slice, or mild motion artifacts that are observed mostly in white matter. This motion is barely visible and could easily be overlooked without careful review. A slice given a rating of 2 would have motion artifacts that are perceptible in >50% of the brain in the given slice and extend to visibly involve the gray matter, or cause very minimal stepladder artifact at the gray/white matter interface. This motion can easily be seen on an image but would not compromise the evaluation of the scan for most medical indications. A rating of 3 would have motion artifacts that involved 100% of the image surface area, encompassing both brain and soft tissues, cause moderate motion artifact bands in white and gray matter, as well as moderate stepladder artifact at gray/ white matter junction. This motion results in images that can still be useful, especially for life-threatening indications such as a large hemorrhage/neoplasm, but are barely interpretable. A rating of four indicates severe motion artifacts that render the images non-diagnostic for medical interpretation. Figure 1 shows typical examples of the image-quality rating scale used.
Analysis
To test the null hypothesis that there is no difference in the distribution of ratings between scans acquired with PROMO enabled versus those acquired without PROMO, we used the Mann-Whitney U test, which is appropriate for ordinal data and makes no assumptions about normality. Mean imagequality ratings by the radiologist blinded to scan type showed a robust overall difference among the four scans (Mann-Whitney U, F=18.77, P<0.0001, one-tailed). Posthoc pair-wise comparisons revealed significantly inferior mean image quality ratings for the pair of PROMO-off (2.52) scans relative to the PROMO-on (1.1) scans (P<0.01). Figure 2 shows the total number of images rated at each image quality level for both methods. More than 600 images were rated as non-diagnostic with PROMO-off whereas PROMO-on produced only one non-diagnostic image. Table 1 shows the mean image quality rating for each of the four scans acquired collapsed across all subjects. The mean quality rating for PROMO-off scans was considerably higher than that acquired with PROMO enabled, indicating reduced diagnostic image quality when PROMO is not used. Table 2 shows the norm of the maximum translational and rotational displacement over the course of the two PROMO-on scans. These head motion measures showed relatively large-magnitude movements during the PROMO-on scans and varied considerably by individual, as expected of school-age children. Participant motion during scanning ranged from a norm of 2 mm translation and 2°of rotation to more than 1 cm of translation and 15°of rotation, depending on the individual.
Discussion
In this study, we tested a novel real-time prospective motion correction method, known as PROMO, for structural MRI of children. The advantages of PROMO can be seen clearly in Fig. 3 . Scans obtained with PROMO enabled show visibly fewer motion artifacts, thereby increasing their diagnostic utility. This improvement is illustrated in Fig. 2 , which shows far fewer non-diagnostic or minimally diagnostic images for scans acquired with PROMO. PROMO-on images achieved this high level of diagnostic utility in spite of large translational and rotational movements by the children during scanning, as indicated in Table 2 . Mean image-quality ratings, shown in Table 1 , are also universally superior for PROMO-on scans compared to those acquired without PROMO.
In addition to image quality, one of the key factors for successful clinical practice is effective cost management and efficient use of scanner time. If children require rescans or return visits, imaging time that could be used scanning additional children is instead spent obtaining diagnostic data on the same patient. Worse still, if the child is unable to hold still for the time required to obtain clinical data, sedation might be deemed necessary, which would involve considerable added personnel costs, in addition to the scanner time required for the reacquisition. In contrast, we showed naturalistically with children that PROMO resulted in diagnostically useful scans in all cases that we tested, even in this difficult subject population. Furthermore, PROMO does so with only a minimal increase in scan time (in most cases less than 10 s of additional scan time, depending on patient motion), allowing for more efficient use of scanner equipment. Obtaining clinically useful data without having to resort to rescanning or sedation allows for the maximum throughput in clinical practice and minimizes inconvenience and risk factors for patients.
Although the results of this study are highly encouraging, there are several limitations. We were unable to Fig. 3 Single sagittal slice from each T1-W scan of the three children with the largest measured in-scan motion. Columns 1 and 2 were acquired with PROMO off and columns 3 and 4 were acquired with PROMO on precisely measure subject motion during PROMO-off scans, so some differences in image quality could be due to increased subject motion during PROMO-off scans. However, any systematic bias should be minimized by the counterbalancing of the order in which scans were acquired with and without PROMO. Additionally, here we restricted our analysis to high-resolution, 3-D T1-weighted scans only. While PROMO has already been implemented in a 3-D FSE (CUBE) scanning sequence, these scans were not acquired in the current study, due to time limitations. However, preliminary results suggest comparable improvements in image quality of 3-D CUBE T2 and FLAIR acquisitions, using the PROMO technology.
